Background. Antenatal exposure to parasites can affect infants' subsequent responses to vaccination. The present study investigated how maternal prenatal infections and newborns' antiparasite cytokine profiles relate to immunoglobulin G (IgG) responses to standard vaccination during infancy.
Fetal existence is typically infection free until birth, and transplacental transfer of maternal antibodies provides the bulk of life-sustaining infant immunity immediately after birth. However, evidence now suggests that the newborn infant's T and B cells are already active at the time of delivery and that these responses can be appreciably matured and patterned by antigen exposures that were experienced before birth. Furthermore, this patterning results in significant alteration in responses to neoantigens during infancy, including changes in response to routine childhood vaccines [1] [2] [3] . Our previous studies have shown that, when mothers carry chronic infections during pregnancy (such as those due to malaria parasites, filariae, schistosomes, or soil-transmitted helminths), infant immune responsiveness to these pathogens can already be established at the time of birth [4] [5] [6] [7] . Such parasites excel at manipulation of their human host's immune system to perpetuate their residence within the body. Studies of antigen-driven cord blood T-cell proliferation and cytokine responses indicate that newborns can exhibit sensitization or even tolerization (via regulatory T-cell immunomodulation) to these pathogens at delivery [4, [8] [9] [10] . Prenatal experience influences the acquisition of cellular and humoral immune responses that can alter the course of infection later in childhood [11] [12] [13] . We have shown that prenatal parasite exposures are associated with reduced responses to early life receipt of live vaccine (eg, bacille Calmette-Guerin against tuberculosis) [14] , peptide antigen vaccine (eg, diphtheria toxoid [DT] vaccine), or peptide-conjugate vaccine (eg, Haemophilus influenza b [Hib] vaccine) [15] .
Whether and how the prenatal immune response to parasite antigens in utero influences the vaccine response profiles in early childhood remains poorly understood. The present study investigated how prenatal infections and antiparasite cytokine profiles at birth relate to profiles of antibody responses to standard vaccination during infancy.
specimens at their first antenatal clinic visit and again at delivery. For the mother-infant pairs, maternal venous blood, placental intervillous blood, and umbilical cord blood specimens were collected at delivery, as previously described [16] . Infant venous blood and urine and stool samples were collected beginning at 6 months of age and every 6 months thereafter until age 30 months. Plasma was stored at −80°C until antibody assays were performed. The cellular immune response at birth was performed on fresh cells. Infants received standardized immunizations provided by the Ministry of Health following established Kenya National Health Service guidelines. Pentavalent vaccine (composed of DT, tetanus toxoid [TT], whole-cell Bordetella pertussis, hepatitis B virus [HBV] , and Hib vaccines) was given at 6, 10, and 14 weeks of age; oral trivalent polio was given at birth and 6, 10, and 14 weeks of age; and 1 dose of measles vaccine was given at 9 months.
Ethics
Approval for the study was obtained from the Kenya Medical Research Institute National Ethical Review Committee and from the Institutional Review Board for Human Studies at University Hospitals of Cleveland Case Medical Center. Mothers provided written informed consent for their participation and that of their infants.
Maternal and Infant Infection Status
Maternal venous blood specimens collected at enrollment, usually during the second or early third trimester, and at delivery, along with intervillous placental blood, cord blood, and infant venous blood specimens, were examined for malaria parasite infection status by light microscopy, and then DNA was extracted from blood and tested for the presence of Plasmodium falciparum by real-time quantitative polymerase chain reaction analysis [17] . Stool and urine specimens were examined for the presence of intestinal helminths and Schistosoma haematobium ova as described previously [14, 18, 19] . S. haematobium infection status was also assessed by performing an enzyme-linked immunosorbent assay (ELISA) to detect soluble worm antigen of S. haematobium (SWAP)-specific immunoglobulin G4 (IgG4) antibodies in collected plasma samples. Positive results of an assay that detects circulating filarial antigen in plasma samples (the Og4C3 assay; TropBioMed, Townsville, Australia) and/ or an ELISA that measures Brugia malayi antigen (BMA)-specific IgG4 antibodies indicated lymphatic filariasis (LF) [14, 18] .
Cord Blood Lymphocyte Cultures
Cord blood mononuclear cells (CBMC) were isolated from fresh cord blood specimens and were cultured in the presence of parasite antigens as follows. First, for malaria parasites, recombinant P. falciparum 44-kb C-terminal fragment of merozoite surface protein, P. falciparum phosphoriboprotein P0, and peptides corresponding to previously identified T-cell epitopes in the 83-kDa C-terminal fragment of MSP-1, designated P2 (GYRKPLDNIKDNVGKMEDYIKK; codons 250-71) and P3 (KLNSLNNPHNVLQNFSVFFNK; codons 1101-21), were used. Second, for schistosomes, SWAP was used. Third, for filariae, saline extracts of adult BMA were used as previously described [16, 20, 21] . Antigen concentrations were adjusted to levels in which no detectable antigen-driven cytokine response was observed in CBMCs from healthy North American newborns. The endotoxin concentration in these preparations was 0.5 ng/mL, which is 5-50-fold less than that required for lipopolysaccharide stimulation of cytokines from human lymphocytes. CBMCs were either left unstimulated or stimulated with the individual parasite antigens listed above. All culture supernatants were collected at 72 hours and immediately frozen at −80°C for storage, pending cytokine assays. Quantification of interferon γ (IFN-γ), interleukin 5 (IL-5), interleukin 13 (IL-13), interleukin 10 (IL-10), interleukin 6 (IL-6), and tumor necrosis factor α (TNF-α) was performed on culture supernatants by the Luminex assay (BioRad). A positive CBMC response to malaria parasites, Schistosoma organisms, or filariae was defined as a cytokine response level at least 2 times greater than that seen when CBMCs were cultured in medium alone (background).
Measurement of Plasma IgG Levels in Response to Hib, DT, HBV, and TT

Vaccinations
Response to vaccination was determined by standard ELISAs for determining IgG levels against TT, DT, HBV, and Hib as previously described [15] .
Statistical Analysis
We classified each child's CBMC cytokine responses to parasite antigen as either positive (defined as a cytokine level in the presence of antigen ≥2 times that in medium alone) or negative (defined as a cytokine level in the presence of antigen <2 times that in medium alone). Because multiple antigens were tested for malaria parasites, we defined a positive antimalarial response as response to at least 2 malaria parasite antigens. To investigate the association between the different anti-parasite-specific cytokine responses, we calculated the tetrachoric correlation for all pairwise measurements [22] as a summary measure of association specifically designed for binary data. Values range from −1 to 1, with a similar interpretation to Pearson correlation findings.
To find patterns of variation within the longitudinal vaccine response data, we used a functional principal component (FPC) approach implemented in the R package fpca [23] . Each FPC represented a different dimension of variation in the longitudinal data. Because few individuals had >3 timed observations, we only estimated 2 FPCs for the response to each of the 4 vaccines studied. The antivaccine IgG response was log transformed for all analyses.
To determine whether the functional FPC scores for the different vaccines were correlated, we used a multivariate longitudinal random effects model with a random effect for each FPC of each of the 4 vaccines (ie, 8 total random effects). Loadings from the fpca R package were treated as known in the analysis to determine how each random effect would influence an observed value. We estimated the unstructured covariance matrix for all 8 FPCs. In the random effects model, a 4-degreeof-freedom spline [24] was used to model the shape of the mean vaccine response across time for each vaccine. The nlme package in R [25] was used to fit the model.
To discover whether predictors such as cord blood cytokine responses to malaria parasite, schistosome, or filarial antigens were associated with the vaccine response profiles, we used a multivariate hierarchical random effects model similar to that described above. However, in this model, we assumed that the cytokine response could influence the longitudinal outcome by influencing the FPC scores (ie, the cytokine response was used as a predictor). Omnibus tests were performed using the Wald test with both the naive and robust sandwich-based standard errors. To be conservative, we reported P values to be the maximum of the naive and sandwich-based estimates.
RESULTS
Characteristics of the Study Population
A total of 510 mother-newborn pairs were recruited between 2006 and 2009; of those, 406 children underwent informative cord blood testing, returned at least twice after delivery, and were included in the present analysis. For assessment of postvaccination antibody responses, study children were followed every 6 months up to 30 months of age (Supplementary Figure 1) . Overall, 78.3% of the mothers had ≥1 of the following infections: P. falciparum malaria (27.6%), lymphatic filariasis (44.7%), Schistosoma haematobium infection (32.4%), and intestinal helminth infection (33.8%). A total of 21.7% of mothers had none of these infections. Prenatal polyparasitism was common among our maternal cohort; 1 infection was detected in 29.6% of women, 2 infections in 27.6%, 3 infections in 15.6%, 4 infections in 4.2%, and 5 infections in 1.3% [15] .
Malarial, Schistosomal, and Filarial Antigen-Induced Cytokine Production by CBMC
To determine the overall pattern of cytokine production to antigen-specific lymphocytes in newborns indicative of prenatal sensitization, CBMCs from Kenyan offspring of women with malaria, schistosomiasis, and/or filariasis were stimulated with malarial (n = 450), schistosomal (n = 426), and filarial antigens (n = 433) in vitro. As shown in Figure 1 , the prevalence of newborn cytokine responses to the parasite antigens varied widely, indicating in utero immune exposure to the respective maternal infections. There was a strong correlation between schistosome (SWAP) and filaria (BMA) antigen-induced IL-5 and IFN-γ production by CBMCs, indicating a mixed T-helper type 1 (Th1) and Th2 cytokine response ( Figure 2) . Similarly, there was mixed Th1 and Th2 cytokine production in response to malaria parasite antigens, although the correlation was less pronounced.
Correlation Analysis of Malarial, Schistosomal, and Filarial AntigenInduced Cytokine Production by CBMCs
We further examined the intercorrelation of CBMC antigen-dependent augmentation in cytokine responses to parasite antigens (recombinant MSP1 42 /peptides of MSP1, SWAP, and BMA). Although the different cytokines' response rates varied widely, there was a moderate-to-strong correlation between responses to antigens of different parasites for the same cytokine, particularly IL-6 and TNF-α (Figure 2) , and there were correlations between different cytokine responses to the same antigen. Correlation with the IL-10 response was noted for TNF-α, IFN-γ, IL5, and IL-13 for malaria parasite antigens, and correlation between IL10 and TNF-α, IFN-γ, and IL5 responses was observed for schistosome antigens.
We also observed significant levels of cytokine responses among unstimulated cells (medium controls). The concentration of cytokines spontaneously released by unstimulated cells was greatest for TNF-α and IL-6, followed by IL-10 and IL-13, whereas IFN-γ and IL-5 secretion in unstimulated cells was comparatively low. Pair-wise correlation of individual cytokine outputs was moderately strong: scatterplots of unstimulated and stimulated cytokine responses by CBMCs are shown in Supplementary Figure 2 . 
Pattern of Circulating Antivaccine IgG From 6 to 30 Months of Age
To summarize the complex individual dynamics of IgG from 6 to 30 months of age, the combined early life values over time were analyzed using functional PCA [26, 27] , which assumes that each individual's antivaccine IgG responses may have distinct trajectory patterns. This dimension reduction defined 2 quantitative components that could be used to evaluate each child's pattern: PC1, reflecting the height of the response over time, and PC2, reflecting the tendency to crossover from a high to low response or from a low to high response ( Figure 3) . In a combination of PC1 and PC2 effects, antivaccine IgG levels could start out high after vaccination and remain high (high-high), they could start high and fall to much lower levels by age 30 months (high-low), they could start low and remain low (low-low), or they could start low and increase after 12 months of age. Table 1 shows the association between maternal schistosomiasis or filariasis during pregnancy and the dynamics of antibody responses to the different vaccines among infants during ages 6-30 months. These are associated with PC1 and PC2 values, using a multivariate longitudinal random effects model with a random effect for each FPC of each of the 4 vaccines (ie, 8 total random effects). Prenatal exposure to schistosomiasis significantly reduced PC1 to DT, corresponding to overall reduced anti-DT IgG response in affected children. Similarly, prenatal exposure to filariasis significantly decreased the antibody response pattern (PC1) to HBV and to DT. Prenatal exposure to filariasis was also significantly associated with greater PC2, indicating a greater tendency to crossover from high to low levels of IgG antibodies to Hib over time. No significant association was observed between prenatal malaria exposure and either the PC1 or PC2 components of vaccine responses.
Relationship of Prenatal Exposure to Schistosomiasis and Filariasis on the Trajectories of Individual Vaccine Responses
Cellular Immunological Responses at Birth as a Predictor of Overall
Response to Vaccines in Childhood
The impact of maternal infection on vaccine responses will likely occur by in utero priming to parasite antigens that cross the placenta and create immune responses that persist into infancy, when children are first vaccinated. When we assessed the overall linkage of PC1 and PC2 to individual cytokine responsiveness to parasite antigens at birth, a highly significant association was observed for the neonatal presence of antischistosome and antifilaria IL-10 production (P = .007 and P < .0001, respectively; Table 2 ). By contrast, no association was observed for responses of other cytokine to helminth antigens or for any CBMC cytokine responses to malaria parasite antigens (Table 2) .
To illustrate how filarial or schistosome antigen-induced IL-10 responsiveness altered antivaccine IgG levels at a given age, Figure 4 shows the differences in anti-DT IgG levels at 12 months age between children who had filarial antigen-driven IL-10 release by CBMCs at birth and those who did not. Among newborns, those with filarial antigen-induced IL-10 release (n = 161) had significantly lower anti-DT levels at 12 months of age, compared with newborns who did not show CBMC filarial antigen-induced IL-10 production (n = 60; P = .00018).
DISCUSSION
In this study, we have observed that IL-10 production by CBMCs in response to helminth (schistosome and filarial) antigens is associated with downward shifts in the profiles of infant vaccine antibody responses, particularly to DT. This association was seen only with newborns' antischistosome and antifilaria IL-10 responses and not with other cytokine responses or with any measured antimalarial cytokine responses. We observed a number of different patterns in vaccine response trajectories. Diminished overall vaccine response (PC1) was seen for DT with prenatal schistosome or filaria exposure and for HBV with filaria exposure. A late decline in anti-Hib IgG response (PC2) was noted after prenatal schistosome or filarial exposure.
Malaria parasite-induced IL-10 production by CBMCs was not associated with changes in vaccine response patterns, even though this antiprotozoal response was moderately correlated with individual antihelminth IL-10 responses. This could be due to several factors. First, the number of children with an IL-10 response to schistosome and filarial antigens was greater than the number with an IL-10 response to malaria parasite antigens, possibly because helminth infections persisted throughout pregnancy, resulting in a longer period of fetal exposure than that to malaria parasites, which is usually more transient. Second, schistosomal and filarial antigens are crude extracts and could have a more mitogenic effect on CBMCs, such that there is more of a global IL-10 response. Third, malaria parasite-induced IL-10 may be produced by a different CBMC subset, with a different bystander effect on subsequent vaccine immune responses.
We and others have found that the risk of early parasitic infections is heightened by an immune tolerization to parasite antigens that is detectable at birth in immune responder cells recovered from the newborn's umbilical cord blood [5] . Such tolerization is a function of fetal exposure to maternal parasitic infections in utero, and we hypothesize that its impact spills over to impair infant responses to early childhood vaccination. It appears that sensitization to helminth antigens in utero is associated with an early switch to a type 2 response profile, which subsequently influences responses to standard vaccinations given at birth and 6, 10, and 14 weeks of age, as is done in Kenya [14] . It appears that chronic helminth infections, which foster immunological skewing toward a Th2 response combined with generation of regulatory T-cell responses [28, 29] , can affect humoral responses to unrelated neoantigens, likely via inhibition of Th1 responses [30] [31] [32] [33] . Previously, it has been shown that a high level of IL-10 generated by microfilaria-induced regulatory T cells [34, 35] effectively promotes parasite tolerance. We believe that the higher levels of IL-10 observed in neonates born to Schistosoma-and filaria-infected mothers are likely to be downregulating the Th1 immune responses needed for IgG responses to standard vaccines [36] . We observed that the newborn cytokine responses to malaria parasite, schistosome, and filarial antigens varied, often with a mixed Th1 and Th2 response for each parasite. Our study hypothesis was that an integrative assessment of multiple cytokines involved in the immune response in CBMCs would provide better insight into the patterns of antibody response to vaccines in parasite-exposed children. Although the response rates differed among cytokines, there was a moderate-to-strong correlation for the same cytokine between different antigens, and there were significant correlations between different cytokine responses to the same antigen. Because of the multiplicity of potential inputs and response data, our approach to analysis was to use dimension reduction via functional PCA to quantify overall patterns of IgG response between 6 and 30 months of age and to then test the links between in utero exposures and these major components of the subsequent antivaccine response. This approach also allowed us to identify the links between individual parasite-driven cytokine responses at birth and the overall patterns of vaccine responses during early life. Previously, researchers conducting intervention studies of maternal anthelmintic treatment in Uganda have shown that maternal Mansonella perstans infection is associated with higher IL-10 responses to both bacille Calmette-Guerin and TT but without reduction in Th1 or Th2 immune responses; other maternal helminth infections showed little effect [1] . In our study, we did not examine cytokine responses to vaccine antigens but to malaria parasite, schistosome, and filaria antigens in CBMCs. In a recent study in Ecuador, researchers did not find any association of antenatal maternal helminth infections with antibody responses to infant vaccines (diphtheria, tetanus, pertussis, measles, rubella, and Hib), but modestly increased immunoglobulin A responses to oral vaccines were observed [31] . They did not examine the cytokine responses to parasite antigens, as we did in our study.
There were strengths and limitations to the present study. A strength of our study is the prospective cohort design from birth to 30 months of age, which allowed analysis of individual variation in vaccine response over time. We examined the cytokine responses to parasite antigens in cord blood lymphocytes to detect the presence of influential prenatal sensitization to malaria parasites, schistosomes, or filariae. We used recombinant blood-stage antigens and peptides for detection of sensitization to malaria parasite antigens, whereas we tested the cytokine responses only to crude schistosomal and filarial antigens, which may have influenced our rates of detectable CBMC stimulation. Of note, the outcomes of the present study were based solely on the IgG antibody responses to Hib, DT, HBV, and TT vaccines. We did not examine effects at the antibody subclass level, and it is possible that skewing of subclass distribution and individual subclass levels could affect vaccine-mediated protection. The children were vaccinated against Hib, DT, HBV, and TT at 6-14 weeks of age, but vaccine response was not measured until 6 months of age, and the children's immediate responses to vaccination are not known. It is possible that children who were exposed to natural infection during the observation intervals may have had augmented antivaccine IgG responses, which could have masked differences between our groups in their postprimary and postsecondary responses. An in-depth assessment of maternal and child nutrition was not done in this study, and aspects of macronutrient and micronutrient intake may have had confounding effects on infection and response to vaccines [37] . The subset of CBMC-producing antigen-driven IL-10 was not determined. Despite these limitations, we feel that this study offers an accurate demonstration of a significant association between augmented antihelminth IL-10 response at birth and downward shifts in the profiles of antivaccine antibody response in early childhood.
In summary, maternal schistosomiasis and filariasis is associated with a suppressed fetal immune state at birth. Active suppression by IL-10 may lead to decreased responses to unrelated antigenic targets, such as standard childhood vaccine antigens. Further studies are warranted to document whether antenatal maternal antiparasitic treatment can mitigate the impact of prenatal parasitic exposures on early life vaccine responses.
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